Abstract In schizophrenia, abnormalities in structural connectivity between brain regions known to contain mirror neurons and their relationship to negative symptoms related to a domain of social cognition are not well understood. Diffusion tensor imaging (DTI) scans were acquired in 16 patients with first episode schizophrenia and 16 matched healthy controls. FA and Trace of the tracts interconnecting regions known to be rich in mirror neurons, i.e., anterior cingulate cortex (ACC), inferior parietal lobe (IPL) and premotor cortex (PMC) were evaluated. A significant group effect for Trace was observed in IPL-PMC white matter fiber tract (F (1, 28) = 7.13, p = .012), as well as in the PMC-ACC white matter fiber tract (F (1, 28) = 4.64, p = .040). There were no group differences in FA. In addition, patients with schizophrenia showed a significant positive correlation between the Trace of the left IPL-PMC white matter fiber tract, and the Ability to Feel Intimacy and Closeness score (rho = .57, p = 0.034), and a negative correlation between the Trace of the left PMC-ACC and the Relationships with Friends and Peers score (rho = remove -.54, p = 0.049). We have demonstrated disrupted white mater microstructure within the white matter tracts subserving brain regions containing mirror neurons. We further showed that such structural disruptions might impact negative symptoms and, more specifically, contribute to the inability to feel intimacy (a measure conceptually related to theory of mind) in first episode schizophrenia. Further studies are needed to understand the potential of our results for diagnosis, prognosis and therapeutic interventions.
Introduction
Schizophrenia is a severe mental disorder, characterized by a number of impairments that include sensory and cognitive processing abnormalities (Kalkstein et al. 2010) . However, in addition to these fairly well examined abnormalities, sometimes called Bcold cognition^abnormalities, schizophrenia patients experience a number of impairments in social cognition (Mehta et al. 2014) . Indeed, it has been suggested that schizophrenia should be thought of as a 'social brain' disorder (Burns 2006) . Social cognition has been defined as an ability to communicate feelings and attitudes and to understand signals that express these feelings and attitudes in other people (Adolphs 2010) . Social cognition skills are critical to successful functioning in social contexts and, in schizophrenia, their deficits contribute to poor functional outcomes (Pinkham 2014) . It is now understood that the social cognition is mediated by an interconnected network of cortical and subcortical brain regions, including orbitofrontal and ventromedial frontal cortex, cingulate cortex, insula, striatum and amygdala (McDonald et al. 2013 ) (Adolphs 2010) .
Mirror neurons, first discovered in the ventral pre-motor cortex of the macaque (area F5) (di Pellegrino et al. 1992) ; (Rizzolatti et al. 1996 ) play a unique role in the brain architecture in relation to social cognition skills. These neurons are active not only during an action execution but also when an action of others is observed. Thus, It has been proposed that they may confer not only the capacity to anticipate the actions of others but that they have contributed to the development of the theory of mind and empathy, as well as other important aspects of social cognition skills in nonhuman primates and humans (Bonini 2016; Ferrari 2014) . Following the identification of mirror neurons in the premotor cortex, subsequent studies have identified a network of mirror neuron housing regions which include superior temporal sulcus (STS), rostral inferior parietal lobule (rIPL), dorsal premotor cortex (dPMC), medial frontal cortex (MFC), ventrolateral prefrontal cortex (VLPFC) and anterior cingulate gyrus (ACG) (Bonini 2016) .
Research on mirror neuron (MN) system abnormalities in schizophrenia is still in infancy (Mehta et al. 2014) . However, altered activation in the regions containing mirror neurons have been reported in a number of studies in schizophrenia (Mehta et al. 2014) . Most studies have found reductions in activity in MN rich brain regions in tasks that required either observation of socially relevant movement or in tasks that tapped social cognition directly, i.e., in studies using tasks that tested theory of mind, imitation or attributional bias (Mehta et al. 2014 ). For example, three studies reported an association with social cognition measures: Mehta and colleagues reported an association with theory of mind (Mehta et al. 2014) , an association with attributional style and (Horan et al. 2014) reported a relationship with perspective taking. A recent functional MRI study by Quintana et al. suggested that individuals with chronic schizophrenia demonstrate abnormal activation of mirror neuron-related cortical regions while viewing emotional stimuli (Quintana et al. 2001) . A study by Thakkar et al. found reduced activity of the mirror neuron system during action observation. The degree of activation was related to symptom severity and social cognition in patients with chronic schizophrenia (Thakkar et al. 2014) . Furthermore, some studies reported that reduced MN activation was associated with more negative symptoms, and one study found an association with auditory hallucinations (Mehta et al. 2014) .
While there is a limited number of studies examining the activation of brain regions comprising MN in schizophrenia, studies focusing on connections among regions making up the MN system in schizophrenia are even fewer. The one study that explicitly examined white matter connections between regions forming the MN system looked at the third branch of the superior longitudinal fasciculus connecting the inferior frontal gyrus (IFG) and the supramarginal gyrus (SMG) and the callosal fibers connecting IFG and SMG in chronic schizophrenia (Tseng et al. 2015) . White matter integrity was found to be reduced in the callosal fibers connecting the SMG and IFG. No relationship to symptoms was found.
We posit that studies exploring the relationship between structural connectivity of regions including MN and schizophrenia symptoms and social cognition skills are important since schizophrenia has been viewed as a disconnection syndrome (Friston and Frith 1995) , with evidence suggesting that white matter fiber tracts might be abnormally myelinated (Flynn et al. 2003) ; (Hakak et al. 2001) . Since white matter tracts provide long range neuronal connectivity that is necessary for the brain networks to function properly, it is conceivable that the functional abnormalities related to MN network may be due to not only faulty neuronal activation, but also to the disrupted white matter interconnecting brain regions constituting this network.
Therefore, the aim of this study was to use free-surfer cortical parcellation, and state of the art tractography algorithm (unscented Kalman filter based two-tensor tractography algorithm (Malcolm et al. 2009) ) to evaluate the white matter microstructure of the fiber tracks connecting the premotor area, the inferior parietal lobule and the anterior cingulate gyrus in patients diagnosed with a first-episode schizophrenia. We used these regions as approximation for MN hub locations, based on previous functional experiments (Bonini 2016) . A secondary aim was to test for an association between measures of white matter microstructure and measures of social cognition. To the extent that social cognition is understood as the ability to communicate feelings and attitudes to other people and to understand these signals by other people, we have selected items from the Anhedonia and Asociality subscale of the Scale for the Assessment of Negative Symptoms (SANS) as best representing skills belonging to the domain of social cognition. We selected this suscale for two reasons: 1. it is a subscale of negative symptoms scale and, as described above, negative symptoms have been associated with reduced activity in regions rich in MNs and 2. The two items of the subscale, 'the ability to feel closeness and intimacy measure' and the 'relationships with friends and peers' represent skills related to the construct of theory of mind, believed to be mediated by regions including MN.
We hypothesized the presence of white matter abnormalities in patients experiencing first-episode schizophrenia in white matter tracks connecting MN rich brain regions. We also postulated that subtle changes in the microstructure of those tracts may be associated with proxy measures of social cognition included in the SANS Anhedonia-Asociality scale, and especially with 'the ability to feel intimacy and closeness' and with 'the relationships with friends and peers'. To the best of our knowledge, this is the first study to investigate the structural connectivity of the brain regions that include mirror neurons in first episode schizophrenia.
Methods and materials Participants
Sixteen patients with first episode schizophrenia (mean age (SD), 20.19 years (4.51)) and sixteen healthy controls (mean age (SD), 21.88 years (2.71)) were selected from the larger sample recruited via the Boston CIDAR study (www.bostoncidar.org) (see Table 1 for clinical and demographic information). Patients were recruited from local hospital and outpatient clinics, referrals from clinicians, advertisements, and outreach presentations. Controls were recruited from the general community via advertisements.
Clinical diagnoses were based on interviews with the Structured Clinical Interview for the DSM-IV-TR, Research Version (SCID) (First et al. 2002) for ages >18 as well as information from available medical records. All clinical participants were diagnosed with schizophrenia (DSM-IV-TR criteria), and were assessed with Scale for the Assessment of Positive Symptoms (SAPS) and SANS. Healthy controls were drawn from the same geographic base as the schizophrenia group with comparable age, gender, race and ethnicity, handedness, and parental socioeconomic status (PSES), and were screened for Axis I disorders using the SCID for DSM-IV-TR, Non-patient Edition. No healthy controls met criteria for any current major DSM-IV-TR Axis I disorders, or any history of psychosis, Major Depression (recurrent), Bipolar disorder, Obsessive Compulsive Disorder, Post Traumatic Stress Disorder, or developmental disorders. Healthy controls were also excluded for any history of psychiatric hospitalizations, prodromal symptoms, schizotypal or other Cluster A personality disorders, first degree relatives with psychosis, or any current or past use of antipsychotics (other past psychotropic medication use was acceptable, but the individual must have been off medication for at least 6 months before participating in the study, except for PRN medications such as sleeping or at the time of interview, 10 were taking atypical antipsychotics (aripiprazole, clozapine, risperidone, quetiapine or olanzapine), 2 patients were taking both typical and atypical antipsychotics (clozapine and haloperidol, aripiprazole and haloperidol), and 4 patients were unmedicated anxiolytic medications). Exclusion criteria for all participants were: sensory-motor handicaps, neurological disorders, medical illnesses that significantly impair neurocognitive function, diagnosis of mental retardation, education <9th grade, not fluent in English, DSM-IV-TR substance abuse in the past month, DSM-IV-TR substance dependence, excluding nicotine, in the past 3 months, current suicidality, a history of ECT within the past five years for patients and a history of ECT ever for controls, or study participation by another family member. Prior to MRI scanning, all subjects were screened for foreign metal in their body, pacemakers, pregnancy, claustrophobia, or any other health risks. This study was approved by the local institutional review board committees at Beth Israel Deaconess Medical Center, the Veterans Affairs Boston Healthcare System (Brockton campus), Harvard Medical School, Brigham and Women's Hospital, and Massachusetts General Hospital. Written informed consent was obtained for all subjects.
Image acquisition
Diffusion weighted image (DWI) scans were acquired on a 3-Tesla GE Echospeed system (General Electric Medical Systems, Milwaukee, WI). A double echo option was used to reduce eddy-current related distortions. Acquisitions included 51 gradient directions with b = 900 and eight baseline scans with b = 0. The original GE sequence was modified to increase spatial resolution and to further minimize image artifacts. The following scan parameters were used: TR 17000 ms, minima TE (<80 ms), FOV 24 cm, 144 × 144 encoding steps, 1.7 mm slice thickness. All scans had 85 axial slices parallel to the AC-PC line covering the whole brain. After downloading from the scanner, data were preprocessed using our in-house software. This involved motion correction and eddy current distortion correction.
Two-tensor tractography
We reconstructed the tracts interconnecting cortical regions believed to be part of the MN network in two steps: we performed tractography of the whole brain first and then filtered only the tracts of interest by selecting those that connected the premotor area (caudal middle frontal gyrus (Desikan et al. 2006) , the inferior parietal lobule and the anterior cingulate gyrus (Fig. 1) .
In the first step of the process, white matter tracts of the entire brain for each subject were generated using unscented Kalman filter based two-tensor tractography algorithm (Malcolm et al. 2009 ). This method makes it possible to follow tracts that pass through branching and crossing regions of the brain (Malcolm et al. 2010) . Seeding was done in all voxels of the brain where single tensor FA was greater than 0.18. Each voxel was seeded 10 times, and tract was terminated only when FA dropped below 0.15.
In the second step, the tracts of the whole brain were filtered using brain parcellations generated by FreeSurfer software 4.2.0 (http://surfer.nmr.mgh.harvard.edu/) and registered to DTI data using ANTS algorithm (Avants et al. 2011) . Tracts were filtered through the three free-surfer provided ROIs that closest correspond to known MN network hubs: caudal middle frontal area, the inferior parietal lobule, and the anterior cingulate gyrus, and they all included both gray and white matter. The mean FA and Trace were calculated for each of the tracts in each subject separately. To assess interrater reliability, two raters (YS and TR), who were blind to the diagnosis, evaluated the left IPL-PMC FA and Trace of the five randomly selected cases. Intraclass correlation coefficients for FA achieved 0.99 and for Trace achieved 1.00.
Statistical analysis
Statistical analyses were performed using SPSS version 19 (IBM, New York, USA, www.spss.com). To determine group differences in each DTI measure (FA, Trace), a repeatedmeasures analysis of variance (ANCOVA) was applied for each DTI measure separately with group as a between-subjects factor, side as a within-subjects factor, and age and gender as covariates. To verify our hypotheses regarding white matter tracks connecting MN rich brain regions and their contribution to social cognition we used multiple hierarchical regression models to investigate the association between DTI measures for which significant group differences were found and the items of the Anhedonia-Asociality subscale of the SANS). They were followed by Spearman's correlations with significant levels set at p < .05 because of the hypothesis driven nature of the correlation analyses. In addition, associations between medication dosage and diffusion measures were evaluated. A p < .05 was considered statistically significant.
Results

Demographic and behavioral data
There were no group differences in Parental Socioeconomic Status (PSES), Wide Range Achievement Test fourth revision (WRAT-4 scores), Years of formal schooling, or Wechsler Abbreviated Scale of Intelligence (WASI) between groups. Twelve patients were treated with antipsychotic medication (n = 10 only atypical antipsychotics; n = 2 both typical and atypical antipsychotics). The mean daily antipsychotic medication dosage was 286.04 ± 378.015 mg (Chlorpromazine equivalent). Four patients were unmedicated at the time of the scan. The mean of the Total global scores of SAPS and Scale for the Assessment of Negative Symptoms (SANS) were 4.60 ± 3.64 (n = 15) and 9.21 ± 4.54 (n = 14), respectively (Table 1) .
DTI measures
For the IPL to PMC connections, ANCOVA revealed a significant effect of group on Trace, with higher values in the patients compared with healthy controls (F (1, 28) = 9.308, p = .005) ( Table 2 , Fig. 2 ). In addition, there was no side-bygroup interaction (F (1, 28) = .001, p = .977). For FA, there were no group effects (F (1, 28) = 1.219, p = .279) or side-bygroup interactions (F (1, 28) = 0.038, p = .847).
For the PMC to ACC connections, ANCOVA also revealed a significant (but weaker than for the IPL-PMC) effect of group on Trace, again with higher values in the patients compared with healthy controls (F (1, 28) = 4.64, p = .040) (Table 2, Fig. 2 ). In addition, there was no side-by-group interaction (F (1, 28) = .844, p = .366), no significant side-bygender interaction (F (1, 28) = .723, p = .402). For FA, there were no group effects (F (1, 28) = 3.697, p = .065) or side-bygroup interactions (F (1, 28) = 2.161, p = .153) (Figs. 1 and 2) .
No direct IPL-ACC connections could be traced with DTI. There were no statistical group differences between the numbers of fibers of the tracts, IPL-PMC and PMC-ACC, between the patients and the controls (t (30) = .411, p = 0.684) (right IPL-PMC; t (30) = −1.745, p = .091) (left PMC-ACC; t (30) = −.170, p = .866) (right PMC-ACC; t (30) = −.643, p = .525).
Multiple hierarchical regressions models and correlations of DTI measures with clinical parameters
For the Trace left IPL-PMC connection, among the hierarchical multiple regression models, the only model that significantly associated this connection with items of the Anhedonia-Asociality subscale was the model including 'ability to feel intimacy and closeness' (R 2 = .32, p < 0. The items that resulted in significant multiple regression results were also tested with a correlational approach: in the patient group, a significant positive correlation between Trace of the IPL-PMC connection in the left hemisphere and the Ability to Feel Intimacy and Closeness score (rho = .57, p = .034) (Fig. 3,  Table 3 ) was found, and a negative correlation was found between left PMC-ACC and the Relationships with Friends and Peers score (rho = −.54, p = 0.049) (Fig. 4, Table 3 ). Eleven patients had the illness duration data. There was no correlation between illness duration and trace in the tracts, IPL-PMC and PMC-ACC (left IPL-PMC: rho = .032, p = .926) (right IPL-PMC: rho = .223, p = .509) (left PMC-ACC: rho = .182, p = .593) (right PMC-ACC: rho = .018, p = .958).
There was no correlation between age and trace in the tracts, IPL-PMC and right PMC-ACC in first-episode schizophrenia (left IPL-PMC: rho = −.28, p = .12) (right IPL-PMC: rho = −.09, p = .61) (right PMC-ACC: rho = −.13, p = .47). We have observed linear relationship between left PMC-ACC Trace and age (rho = −.37, p = .038).
Medication dosage showed no association with either left IPL-PMC Trace (rho =, 222, p = .334, or with the Ability to Feel Intimacy and Closeness score (rho = .072, p = .806).
Discussion
The primary findings of this study are that tracts interconnecting areas believed to be part of the MN network that is IPL-PMC and PMC-ACC, showed overall higher diffusivity (Trace) in first episode schizophrenia patients compared to healthy controls. No group differences or clinical associations have been found for FA diffusion measures, suggesting that the Trace measure might serve as an early indicator of abnormal connectivity between regions containing MNs, and possibly may be a target for clinical intervention. Furthermore, using both a multiple regression and correlational approach, the Trace increase in the left IPL-PMC showed statistical association uniquely with the 'ability to feel intimacy and closeness' score, a negative symptom measure that is related to the theory of mind construct, suggesting that abnormal IPL-PMC connectivity may contribute to negative symptomatology and poor social function in schizophrenia. In addition, the 'relationships with friends and peers' score, another negative symptom and proxy social cognition measure, contributed to significant association with the Trace left PMC-ACC demonstrated via both multiple regression and correlational approach. The findings of this study, although preliminary, add to the emerging evidence on the anatomy and biological timing of structural connectivity abnormalities, especially as they relate to MN brain regions, and their associations with negative symptoms and social cognition skills impairment in schizophrenia. White matter pathology, as measured by DTI, has been reported in both first-episode as well as chronic schizophrenia.
DTI is an advanced MRI technique to investigate white mater of human brain. The diffusion of water molecule is anisotropic in white matter, limited in the direction perpendicular to the axon. Fractional anisotropy and Trace are the quantitative indices for anisotropy of the water molecule. FA reflects the degree of directionality of water diffusion while Trace measures the overall displacement of the water molecules (Basser 1995) (Kubicki et al. 2007 ). While majority of schizophrenia studies take FA and Trace differences as support for the dysmyelination theory of schizophrenia (Kubicki et al. 2007) , it is worth noting that the diffusion is not only sensitive to myelin changes, but also depends on the axonal packing, axonal size, extracellular water content and tract geometry (Jones et al. 2013) .
Proportionally larger increases in Trace (measure of overall diffusion within tissue (Warach et al. 1992; Basser and Pierpaoli 1996; Pierpaoli et al. 1996; Basser and Pierpaoli 1998; Rowley et al. 1999) ), when compared to much smaller and more circumscribed decreases in FA, have been recently reported in early course of schizophrenia (Moriya et al. 2010) , as well as in the entire brain in first episode schizophrenia (Lee et al. 2013) , when compared to healthy controls. The authors of those investigations concluded that an increase in Trace may represent increased extracellular volume, which could potentially predate desmyelination. In fact, this exact hypothesis has been recently tested by our group on two patient populations representing two different stages of the disease (first episode and chronic schizophrenia). In these studies, Pasternak et al. applied free-water imaging (measure of extracellular water) and found a significant, widespread increase in extracellular volume in first episode schizophrenia, that was much more restricted in chronic phase (Pasternak et al. 2012) . The current study adds additional support to this finding and specifically implicates connections that link brain regions containing mirror neurons. In addition, the fact that negative symptomatology related to theory of mind skills has been found to be associated with early pathological changes in white matter connections serving MN network could suggest that disruptions of this fronto-parietal network might be one of the core schizophrenia symptoms. In further support of this idea, Horan et al. reported that impairment in social cognition may already be present at first-episode of schizophrenia (Horan et al. 2012 ).
As described above, the degree of patients' ability to feel intimacy and closeness was positively correlated with Trace of the IPL-PMC in the left hemisphere. In addition, a negative correlation was found between Trace of the left PMC-ACC connection in the left hemisphere and 'relationships with friends and peers'. Brain regions containing MNs tend to be multimodal and bilateral and even motor regions in the human brain can play a role in the processing of multimodal information (Mehta et al. 2014) . However, the left hemisphere of the human brain specifically seems to be well suited to the processing of multimodal inputs (Aziz-Zadeh et al. 2004) . It has been suggested by many authors that cognition grounded in the analysis of action and its possible consequences has given rise to the development of social cognition skills (Mehta et al. 2014; Bonini 2016) . The finding of the associations between abnormal IPL-PMC and PMC-ACC connections in the left hemisphere and proxy measures of social cognition seems to indicate that faulty connectivity, in addition to the possible abnormalities in the activity of the neurons within the MN rich regions, may contribute to social cognition dysfunction in schizophrenia. Further studies are needed to fully understand the functional correlates of laterality in such pathology. This is the first study to examine the structural connectivity between the brain regions housing MNs in first-episode schizophrenia. As such, it is not free from limitations.
Previously published studies have demonstrated relationship between age and Trace in healthy control subjects (Lebel et al. 2008; Westlye et al. 2010 ). In addition, white matter has been also shown to be under the influence of sex hormones (Perrin et al. 2009; Herting et al. 2012) , and gender related asymmetries are common finding in white matter research (Gur et al. 1999; Good et al. 2001) . We thus used age and sex as covariates.
It is also worth pointing out that while the subjects underwent rigorous clinical testing that allowed examining their positive and negative symptomatology, explicit social cognition measures have not been used in this investigation. Thus, future studies that explicitly examine both negative symptomatology and relevant social cognition measures that target theory of mind should be designed in order to address the question of the relationship between structural connectivity abnormalities and clinical manifestations and theory of mind measures. Furthermore, the presence of Bmirror neurons^has been inferred from previous literature, and not experimentally derived here. Ideally, a functional task engaging brain regions rich in mirror neurons coupled with the analysis of structural connections between these regions would bolster the claims of unique contributions of faulty connectivity to mirror neuron related impairments in social function in schizophrenia. In addition, while connections between IPL, PMC and ACC, based on previous fMRI studies, are believed to serve the MN network, they are also a part of larger white matter bundles (more specifically superior longitudinal fasciculus (SLF) and cingulum bundle (CB), and as such serve other functional networks: thus, anatomical specificity of our experiment is limited. Finally, our patient group was not homogenous regarding antipsychotic medication. While dosage showed no association with any of the diffusion measures, the medication effects could not be ruled out.
Conclusion
This study has demonstrated disrupted white mater microstructure within the white matter connections sub serving mirror neuron network. We further showed that such structural disruptions might have an impact on negative symptomatology related to theory of mind, more specifically, the inability to feel intimacy and relationships with friends and peers, in first episode schizophrenia. Further studies are needed to understand the potential of our results for diagnosis, prognosis and therapeutic interventions.
